The frequency selective surface (FSS) is a periodic structure with filtering performance for optical and microwave signals. The general periodic arrays made with patterned metallic elements can act as an aperture or patch on a substrate. In this work, two kinds of materials were used to produce unit cells with various patterns. Gold nanoparticles of 25 nm diameter were used to form periodic monolayer arrays by a confined photocatalytic oxidation-based surface modification method. As the other material, silver gel was used to create multiple layers of silver. Due to the ultra-thin nature of the self-assembled gold nanoparticle monolayer, it is very easy to penetrate the FSS with terahertz radiation. However, the isolated silver islands made from silver gel form thicker multiple layers and contribute to much higher reflectance. This work demonstrated that multiple silver layers are more suitable than gold nanoparticles for use in the fabrication of FSS structures.
Introduction
Frequency selective surfaces (FSSs) have been intensively investigated for more than four decades due to their widespread applications as spatial microwave and optical filters [1] [2] [3] [4] . FSSs are usually constructed from periodically arranged metallic patches of arbitrary geometries or their complementary structures, which have aperture elements similar to patches within metallic screens [5] . These surfaces can exhibit total reflection or transmission in the neighborhood of the element resonances. The proper choice of constituent elements for the array is the most important step in the design of a desired FSS. The overall frequency response of the structure is generally determined by the element type, geometry, substrate parameters, and inter-element spacing. Many methods have been devised to improve the performance of FSSs, such as the dielectric loading FSS, biplanar FSS, complementary FSS, close-coupled FSS, and reconfigurable FSS [6] [7] [8] [9] . However, the shapes and configurations that can be chosen for the FSS elements are limited. An FSS is usually made of metallic periodic array, such as aluminum, gold (Au), and copper [10, 11] . In recent years, nanoparticles
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www.mdpi.com/journal/micromachines have been the center of attention of researchers in many fields due to the immense changes that occur in the physical and chemical properties of a material during the transition process from bulk materials to nanoparticles [12, 13] . Nanoparticles have also received considerable attention due to their unique and novel magnetic, optical, electronic, and catalytic properties. They have been widely used in areas such as biomedicine, catalysis, fuel cells, magnetic data storage, and solar cells [14] [15] [16] [17] [18] [19] [20] .
In this work, to replace patterned arrays made of general metallic materials, a self-assembled gold nanoparticle (Au NP) monolayer and silver isolated islands made of conductive silver gel are used to form FSS structures and the performance of the two structures at terahertz frequency is measured. The fabrication process of the FSS structure is a low temperature process. In addition, it is a low-cost process suitable for large-area fabrication and compatible for roll-to-roll fabrication.
Experimental Section

Material
Polyethylene terephthalate (PET) of 160 µm thickness was used as the flexible substrate of the FSS. Material ammonium persulfate, (3-Aminopropyl)triethoxysilane (APTES), Au NPs, and ethanol were used for surface modification on the PET substrate. Silver plate gel was required for the silver coating on the PET film.
Chromium Masks
To form the patterns of Au NPs on the PET substrates by confined photocatalytic oxidation (CPO)-based surface modification, chromium masks with hexagonal and circular patterns were fabricated, with each mask containing 900 (30ˆ30) unit cells [21] . The diameter of each unit cell pattern was designed in accordance with software simulation results of the reflection characterization of terahertz FSS.
Synthesis of 25 nm Gold Nanoparticles
A 20 mL amount of 2.5ˆ10´4 M gold(III) chloride trihydrate (HAuCl 4¨3 H 2 O) (Sigma-Aldrich, St. Louis, MI, USA, >99%) solution was heated to boiling, and 1 mL of 25 mM sodium citrate (Sigma-Aldrich, ě98%) was injected rapidly into the solution under vigorous stirring. After boiling for 30 min, the solution was left to cool to room temperature. The solution was washed twice with de-ionized water (DI water) to remove the redundant sodium citrate, first by centrifugation and then by re-dispersal into the DI water.
Sample Fabrication and Characterization
Before surface modification of the flexible PET films, the substrates were cleaned by DI water to remove the impurities and contaminants on the surface. Then, a persulfate salt aqueous solution (30 wt %) was dropped on the PET films with a patterned quartz glass mask covering the surface. The sandwich structure was exposed under ultraviolet (UV) light for 20 min. After the surface reaction on the PET films was complete, the substrates were cleaned using ultrapure water to remove any residual reaction solution. The modified PET films were again placed in ultrapure water to remove residual reaction solution on the surface. Then, the modified PET films were placed in ultrapure water for 6 h to generate rich C-OH groups. Thereafter, the substrates with rich OH groups were immersed in APTES ethanol solution (0.1 wt %) for 2 h to form a high density of NH 2 groups on the reacted surface. The modified films were then placed in the Au NPs solution for 10 h so that the Au NPs could tightly connect with the modified PET substrates by chemical bonding. Finally, the substrates with the patterned Au NP monolayer were simply cleaned with DI water and placed on a hot plate at 100˝C for 30 min. For comparison against the patterned Au NP monolayer surface, a patterned silver film coating made from conductive silver gel was applied on the PET. The patterned structure was fabricated under an optical microscope by stamping silver gel onto each unit cell by hand. The size of the nanoparticles was scanned by transmission electron microscope (JSM-2100 F, JEOL Ltd., Tokyo, Japan) and the film of gold nanoparticles on the PET substrate was characterized by scanning electron microscope (JSM-6335F, JEOL Ltd.). The surface roughness of the films was measured by a Veeco Multimode V atomic force microscope (AFM).
The UV light for the CPO reaction was provided by an ultra-high-intensity UV spot lamp (50,000 µW/cm 2 ) with a wavelength (λ) of 365 nm. A time-domain spectroscopy (TDS) system (EKSPLA, Vilnius, Lithuania) was used to evaluate the frequency characteristics of the fabricated FSS samples. The THz spectrometer has a pulse duration of less than 90 fs and a spectral range of 0.1 to 3.5 THz. Through time-domain measurements and subsequent Fourier transforms of the temporal data, scattering (S) parameters of the THz FSS could be obtained.
Results and Discussion
Surface Modification
The process of applying a CPO-based Au NP monolayer surface pattern onto flexible PET substrate is depicted in Figure 1 . The CPO treatment was used on PET film surfaces, followed by a hydrolysis process, to convert the alkyl C-H groups on the PET surface to C-OH groups.
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Surface Modification
The process of applying a CPO-based Au NP monolayer surface pattern onto flexible PET substrate is depicted in Figure 1 . The CPO treatment was used on PET film surfaces, followed by a hydrolysis process, to convert the alkyl C-H groups on the PET surface to C-OH groups. Subsequently, silanization was carried out on the flexible substrates. With the rich OH groups as reaction sites, a high density of NH2 groups could be successfully implanted on the treated PET surface. Finally, the Au NPs were tightly connected with the modified PET substrates full of NH2 groups by chemical bonding, and the patterned Au NP monolayer film was formed. Figure 2 shows optical microscope images of FSSs with the patterned gold monolayer. The patterns of hexagonal and circular cells are uniform and periodical, which indicates that the CPO-based surface modification is quite suitable for use in forming variously patterned shapes with an Au NP monolayer. The periodically arranged patterned film is necessary for an FSS structure to exhibit total reflection or transmission. Figure 3a shows the TEM image of gold nanoparticles, and we can find that the size of nanoparticles is around 25 nm and relatively uniform. Figure 3b displays the SEM image of the gold nanoparticle monolayer on the PET substrate. We can observe that gold nanoparticles with high density are attached on the top of the PET film. The root-mean-square (RMS) roughness of the nanoparticle monolayer on the PET surface is about 11.5 nm. Subsequently, silanization was carried out on the flexible substrates. With the rich OH groups as reaction sites, a high density of NH 2 groups could be successfully implanted on the treated PET surface. Finally, the Au NPs were tightly connected with the modified PET substrates full of NH 2 groups by chemical bonding, and the patterned Au NP monolayer film was formed. Figure 2 shows optical microscope images of FSSs with the patterned gold monolayer. The patterns of hexagonal and circular cells are uniform and periodical, which indicates that the CPO-based surface modification is quite suitable for use in forming variously patterned shapes with an Au NP monolayer. The periodically arranged patterned film is necessary for an FSS structure to exhibit total reflection or transmission. Figure 3a shows the TEM image of gold nanoparticles, and we can find that the size of nanoparticles is around 25 nm and relatively uniform. Figure 3b displays the SEM image of the gold nanoparticle monolayer on the PET substrate. We can observe that gold nanoparticles with high density are attached on the top of the PET film. The root-mean-square (RMS) roughness of the nanoparticle monolayer on the PET surface is about 11.5 nm. 
TDS Results
The TDS measurement and simulation results of FSSs with hexagonal and circular Au NP monolayers are shown in Figure 4 . High-Frequency Structure Simulator (HFSS from ANSYS, Inc., Canonsburg, PA, USA) was chosen as the simulation software. For HFSS simulations, the Au NP monolayer is modeled with gold patches of zero thickness with a conductivity of 4.1 × 10
s/m. The exact thickness of the gold monolayer of 25 nm could not be modeled by HFSS as the aspect ratio of the elements would be too large, considering that the unit-cell spacing is 250 μm in both transverse directions. The PET substrate has a thickness of 160 μm with a dielectric constant of 2.95 and loss tangent of 0.07. The simulated hexagonal-and circular-patch FSSs show band-stop frequency responses with center frequencies of 0.81 and 0.79 THz, respectively. The simulated maximum reflections in the desired frequency range are more than 95% for the two FSSs. It is of note that the noise waves are close to the frequency band of interest for the two FSS structures and, thus, degrade 
The TDS measurement and simulation results of FSSs with hexagonal and circular Au NP monolayers are shown in Figure 4 . High-Frequency Structure Simulator (HFSS from ANSYS, Inc., Canonsburg, PA, USA) was chosen as the simulation software. For HFSS simulations, the Au NP monolayer is modeled with gold patches of zero thickness with a conductivity of 4.1ˆ10´7 s/m. The exact thickness of the gold monolayer of 25 nm could not be modeled by HFSS as the aspect ratio of the elements would be too large, considering that the unit-cell spacing is 250 µm in both transverse directions. The PET substrate has a thickness of 160 µm with a dielectric constant of 2.95 and loss tangent of 0.07. The simulated hexagonal-and circular-patch FSSs show band-stop frequency responses with center frequencies of 0.81 and 0.79 THz, respectively. The simulated maximum reflections in the desired frequency range are more than 95% for the two FSSs. It is of note that the noise waves are close to the frequency band of interest for the two FSS structures and, thus, degrade the overall filtering performance. This fact results from the pattern shapes used, but that is not the focus of this study. Both of the fabricated FSS patterns show a reflectance of only 20%, which is the same as that of the pure PET substrates. However, this does not agree with the results of the simulated FSSs with zero-thickness gold patches. This finding was attributed to the small nanoparticles whose diameter and thickness are similar to the surface skin depth and whose reflectance is much less than the wavelength of the THz FSSs. The skin depth at THz range is larger than the thickness of the nanoparticles (25 nm). The calculated skin depth at 800 GHz is around 80 nm, considering the bulk conductivity of the gold. Therefore, the skin effect considerably weakens the reflectance at the THz frequency.
To further investigate the FSS structures, two hexagonal-and circular-patch FSSs were fabricated again by manually replacing the nanoparticle patterns with silver patterns. The TDS measurement results are shown in Figure 5 . The measured maximum reflectances are about 50% at 0.55 THz and 40% at 0.35 THz for the hexagonal-and circular-patch FSSs. The maximum reflectances of the FSSs with the silver patterns are larger than those of the PET substrates (25% at around 0.75 THz), thereby indicating that the silver patterns improved the reflective properties of the FSSs. Therefore, it can be concluded that one can realize high-performance THz FSSs by using either thick or multilayer NPs.
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Conclusions
In conclusion, we used two kinds of metallic materials to fabricate FSS structures. The FSS structure made with the self-assembled 25 nm Au NPs as the metallic material of the ultrathin monolayer was very easily penetrated by THz radiation. It is therefore not suitable for use in the fabrication of THz FSS structures. The silver-isolated islands made of silver gel, which possess the same shape and size of the FSS structure with circular or hexagonal arrays, could form multiple and thicker layers, and showed much higher reflectance. This indicates that the multiple silver layers are much more suitable than the Au NP monolayer for use in the fabrication of FSS structures.
